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(57) Abstract 

A hybrid organic-inorganic semiconductor device is provided as a sensor for chemicals and light, said device being composed of: 
(i) at least one layer of a conducting semiconductor such as doped n-GaAs or n-(Al,Ga)As; (ii) at least one insulating layer such as of 
an undoped semiconductor, e.g. GaAs or (AI,Ga)As; (iii) a thin layer of multifunctional organic sensing molecules directly chemisorbed 
on one of its surfaces, said multifunctional organic sensing molecules having at least one functional group that binds to said surface and 
at least one another functional group that serves as a sensor; and (iv) two conducting pads on the top layer making electrical contact 
with the electrically conducting layer, so that the electrical current can flow between them at a finite distance from the surface of the 
device. The surface-binding functional group of the multifunctional organic sensing molecule may be one or more aliphatic or aromatic 
carboxyl, thiol, sulfide, hydroxamic acid or uichlorosilane groups. The functional group that serves as a sensor may be a group suitable 
for binding and detection of metal ions such as Cu^*, Fe^* and Ru^* such as radicals derived from hydroxamic acids, bipyridyl, imidazol 
and hydroxyquinoline, or a group that is an efficient light absorber at a given wavelength and is suitable for detection of light such as 
radicals derived from aliphatic or aromatic hydroxamatcs, substituted aromatic groups such as cyanobenzoyl and methoxybenzoyl. bipyridyl. 
hydroxyquinoline, or imidazolyl groups to which a metal porphyrin or a metal phthalocyanin residue is attached. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCX. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


A.M 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TO 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 
BF 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


XT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexko 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Vict Nam 


CC 


Congo 


KE 


Kenya 


NL 


NeUierlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrigyzstan 


NO 


Norway 


ZW 


Zimbabwe 


CI 


Cdte d'lvoire 


KP 


Democraiic Ptople's 


NZ 


New Zealand 






CM 


Camenx)n 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






CU 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






C2 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


U 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Sings^re 







wo 98/19151 



PCT/IL97/00348 



HYBRID ORGANIC-INORGANIC SEMICONDUCTOR 
5 STRUCTURES AND SENSORS BASED THEREON 

Field of the Invention 

The present invention relates to hybrid organic-inorganic semiconductor 
devices and to sensors for chemicals and light based thereon. 

10 

Background of the Invention 

Sensors, i.e. devices used to locate or detect chemicals or energy, are 
measured by their sensitivity and selectivity. The design of sensors is aimed also at 
achieving robustness and versatility. Combining these qualities in the process of 

15 designing a sensor, was proven to be very difficult. The use of organic molecules in 
sensors has the benefit of versatility and selectivity, but is not associated with 
robustness, mainly because in many cases electron flow through the organic 
medium is required thus causing the destruction of the organic medium and 
therefore limiting the "life time" of sensors of this type. 

20 In those cases where electron flow through the organic medium is not 

required, sensitivity becomes the limiting parameter. Generally, sensitivity of 
sensors is proportional to the contact area of the sensitive surface, because the 
larger the area the higher the probability that a molecule or photon can be detected 
by the sensing surface. Thus, in general, sensitivity is assumed to scale with 

25 surface area. 

The use of semiconductor devices as sensors is known for many years 
[reviewed by Mandelis and Christofides, 1993]. In general, the presently used 
semiconductor sensors are based on two schemes: the chemicals are adsorbed 
either on the gate metal and insulator layers of a field effect transistor (FET) [see, 
30 for example, US Patent No. 4,777,019, Japanese Patent publications Nos. 62163960 
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and 95107529] or on the surface metal of Schottky diodes. 

The electronic properties of a semiconductor surface can be affected by 
simple chemical treatments [Skromme et al., 1987; Sandroff et al., 1987; 
Yablonovitch et al., 1987]. The ability to change electronic properties of a 
5 semiconductor surface by adsorption of tailor-made organic molecules to achieve 
selectivity [Rickert et al., 1996] has been demonstrated in the past [Lisensky et al., 
1990; O'Regan and Graetzel, 1991; Bruening et aL, 1994; Bruening et ah, 1995; 
Lunt et al., 1991]. Thus, combining semiconductors with organic molecules is an 
attractive option for sensors, as it can combine selectivity and sensitivity. However, 
10 whenever organic molecules are involved, robustness remains an issue. In addition, 
there is a problem of retaining the versatility as the organic molecule needs to be 
attached in a reproducible and secure manner to the semiconductor. 

In applications based on FET-type sensors, at least one of two basic features 
are found: the frst feature is the third electrode (gate) that is located between the 
15 two main current-carrying contacts (source and drain) and is used to control the 
current through the device, in which case the sensor is based on changing the 
current passing through the device due to adsorption of molecules on the gate [see, 
for example, US 4,777,019, US 4,992,244, JP 62163960 and JP 95107529]. The 
other feature is found in the case that an ungated FET is used, a layer is adsorbed 
20 between the source and drain, in which case the sensors are characterized by a 
semiconductor substrate of one conductivity type, having at least two spaced apart 
regions of opposite conductivity type [US 3,831,432]. These ungated devices suffer 
from oversensitivity to electrical interference due to their open gate structure, 
leading to unwanted high noise levels compared to gated devices and explaining 
25 the lack of interest in them [see Mandelis and Christofides, 1993]. 

Earlier proposed FET-based sensors mainly use silicon. This explains the 
preference for metal-oxide-semiconductor FET (MOSFET)-based structures as the 
relatively low barrier height that characterizes Si-devices, leads to high leakage 
currents unless configurations such as MOSFETs are used. An intrinsic problem 

30 one faces is the oxidation layer on the surface that reduces the sensitivity to 

2 
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adsorbed chemicals. By adsorbing chemicals directly onto the surface it is possible 
to achieve higher sensitivity. Contrary to Si, GaAs surfaces do not have a 
passivating native oxide layer. Hence it is possible to chemically modify the surface 
states, their charge, and thus the internal field at the space charge layer. 

5 However, one of the main problems with semiconducting GaAs and related 

materials is that they do not have a stable native oxide film. This well known 
instability of their surface would seem to exclude their use as sensors because of 
problems with reproducibility and noise. 

The surface states of GaAs are passivated when treated with sulfur ( Oh et 

10 al., 1994; Besser and Helms, 1988). However, pinning of the Fermi level in GaAs 
has discouraged their use as chemical-sensitive devices. On the other hand, the 
special electronic properties of GaAs are eminently suited for the design and 
fabrication of structures with high electron mobility (i.e. even small changes in 
carrier concentration become measurable electrically) and in which charge carriers 

15 flow at a well-defined distance near the surface. The latter properties can convey 
onto these structures very high sensitivity to changes in surface potentials. 

Summary of the Invention 

It has now been found, in accordance with the present invention, contrary to 

20 expectations by those skilled in the art, that it is possible to use unprotected surfaces 
of GaAs and related materials for the construction of sensors, even after their 
exposure to ambient, and get stable, sensitive sensing behavior, after special organic 
molecules are adsorbed on them, these organic molecules both serving as sensors 
and at the same time stabilizing the properties of the surfaces. 

25 It is an object of the present invention to provide the use of organic 

molecules that chemisorb in the ambient directly onto specially designed GaAs 
structures. GaAs was used, notwithstanding its notoriously unstable surface, 
because a way was developed according to the invention to stabilize the surface in 
ambient via chemisorption of multifunctional molecules, and because structures 
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using GaAs and (Al,Ga)As can be made extremely sensitive to surface potential 
changes. 

The present invention thus relates to a hybrid organic-semiconductor device 
characterized by being composed of : 
5 (i) at least one layer of a conducting semiconductor; 

(ii) at least one insulating layer; 

(iii) a multifunctional organic sensing molecule directly chemisorbed on one 
of its surfaces, said multifunctional organic sensing molecule having at least one 
functional group that binds to said surface and at least one other functional group 

10 that serves as a sensor; and 

(iv) two conducting pads on the top layer making electrical contact with the 
electrically conducting layer (i), such that electrical current can flow between them 
at a finite distance from the surface of the device. 

The multifunctional organic sensing molecule used in the structure of the 
15 invention has at least one surface-binding functional group preferably selected from 
one or more aliphatic or aromatic carboxyl, thiol, sulfide ( e.g., methylsulfide, 
acyclic disulfide, cyclic disulfide), hydroxamic acid and trichlorosilane (for binding 
to silicon oxide) groups, and at least one second functional group that serves as a 
sensor for chemicals or for light. Examples of functional groups that bind metal 
20 ions and are suitable for detection of metal ions such as Cu^"^, Fe^**", and Ru^"^, are, 
without being limited to, radicals derived from hydroxamic acid, bipyridyl, 
imidazol and hydroxyquinoline. Examples of functional groups that are efficient 
light absorbers at given wavelenghts and are suitable for detection of light include, 
without being limited to, aliphatic and aromatic hydroxamates, substituted aromatic 
25 groups such as cyanobenzoyl and methoxybenzoyl , bipyridyl groups (that can bind 
Ru^""), hydroxyquinoline groups, imidazolyl groups to which a metal porphyrin or a 
metal phthalocyanin residue is attached, etc. 

Examples of multifunctional sensing organic molecules that can be used as 
light sensors according to the invention are 2,3-di(p-cyanoben2oyl) tartaric acid 
30 (DCDC), 4,5-di(p-cyanobenzoyloxy)-l ,2-dithiane (DCDS), 4,5-di(p-methoxy- 

4 
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ben2oyloxy)-l,2-dithiane (DMDS) and l,2-dithiane-4,5-di(hydroxyquinoline) and 
the Cu complex thereof. 

The multiftinctional organic sensing molecules may further contain 
functional groups that will control the fundamental properties of the semiconductor 

5 surface, such as electron donating or electron withdrawing groups such that a dipole 
layer with a defined direction is formed on the surface, and/or functional groups 
that control the sensitivity to certain species, change the hydrophobicity or 
hydrophilicity of the surface, etc. 

In one embodiment, the at least one layer of a conducting semiconductor of 

10 the structure of the invention contains a semiconductor selected from a III-V and a 
II-VI material, or mixtures thereof, wherein III, V, II and VI denote the Periodic 
Table elements III =Ga, In; V=As, P; Il-Cd, Zn; VI=S, Se, Te. This conducting 
semiconductor material preferably contains GaAs, and is most preferably n-GaAs 
or n-(Al,Ga)As, doped, for example, preferably with Si. 

15 In another embodiment, the at least one insulating layer of a device of the 

invention, that may serve as the base for the device, contains an undoped 
semiconductor selected from a III-V and a II-VI material, or mixtures thereof, 
wherein III, V, II and VI denote the Periodic Table elements III =Ga, In; V=As, P; 
II=Cd, Zn; VI=S, Se, Te, and is preferably a GaAs semi-insulating substrate. It is to 

20 be understood that throughout the specification and the claims whenever an 
insulating layer is mentioned it is to be understood that it may also refer to a semi- 
insulating layer. 

The invention further provides sensors for chemicals and light based on the 
devices of the invention. 

25 

Prigf Description of the PraYKings 

Fig. 1 depicts schematically a hybrid device of the invention. 
Fig. 2A shows schematically a device according to Fig. 1 that is based on the 
design of high electron mobility transistors (HEMT's), and Fig. 2B shows a special 



5 
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version of the device structure depicted in Fig, 1, which is simpler than that shown 
in Fig. 2A, and is based on a field effect transistor (FET). 

Figs. 3A-3D show the effect of the adsorbed multifunctional organic sensing 
molecules 4,5-di(p-cyanobenzoyloxy)-l,2-dithiane (DCDS) (3 A), 4j5-di(p-methoxy 
5 bcnzoyloxy)-l,2-dithiane (DMDS) (3B) and 2,3-di(p-cyanobenzoyI)tartaric acid 
(DCDC) (3C), on the functionality of the solid state HEMT-like structure of Fig. 
2A when current (I) versus voltage (V) is applied between the electrical contacts to 
said structure. In Fig. 3D, the same measurement was performed with the low 
doped FET-Uke device of Fig. 2B covered with DCDC. The dotted line presents the 
10 curve of the bare device and the solid line corresponds to the signal obtained with 
the adsorbed organic molecules. The error is ± 5%. 

Figs. 4A-4B show the photocurrent as measured between the two electrodes 
versus time following exposure of a device shown in Fig. IB, to a 7 nsec long light 
pulse of various energies .The device is coated either with l,2-dithiane-4,5- 
15 di(hydroxyquinoline) Cu"^^ complex (I) or with l,2-dithiane-4,5-di(hydroxy- 
quinoline) derivative (II). The current decay time is shown following excitation at 
wavelength 266 nra (4A) and 237 nm (4B) for molecules I and IL 

Figs. 5 A-5D show the photocurrent as measured between the two electrodes 
versus time following exposure of a device shown in Fig. 1 A, to a 7 nsec long light 
20 pulse of various energies.The device is coated with DCDC. The wavelengths used 
are 580 nm (5 A), 290 nm (5B), 237 nm (5C) and 212 nm (5D) regular intensity - 
solid line, and high intensity - dotted line. The insert shows the current as measured 
between the two electrodes versus time following exposure of a bare HEMT-like 
device to a light pulse of 532 nm (2.33 eV) wavelength. 

25 

Detailed Descript ion of the Invention 

The present invention will be more fully appreciated jfrom the following 

detailed description taken in conjunction with the drawings. 

Reference is now made to Fig. 1, which depicts schematically a sensor 

30 device according to the invention in which a undoped, insulating layer 1 serves as 

6 
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the base for the device, a thin semiconductor layer 2 on top of the base layer is the 
conductive layer, Ohmic contacts 3 are used as the two current contacts for the 
device, and on top of the conductive layer 2 a thin film of the multifunctional 
sensing organic molecules 4 is adsorbed. 

According to the invention, the multifunctional organic sensing molecule 
may be adsorbed on a conducting semiconductor surface or on an insulating surface 
of a dielectric material. The conducting semiconductor surface contains a 
semiconductor selected from a III-V and a II-VI material, or mixtures thereof, 
wherein III, V, II and VI denote the Periodic Table elements III =Ga, In; V=As, P; 
II=Cd, Zn; VI=S, Se, Te, and is preferably n-GaAs or n-(Al,Ga)As, doped for 
example with Si. 

The dielectric material onto which the multifunctional sensing organic 
molecule may be adsorbed may be silicon oxide, silicon nitride, or an undoped 
semiconductor lected from a III-V and a II-VI material, or mixtures thereof, 
wherein III, V, II and VI denote the Periodic Table elements III =Ga, In; V=As, P; 
II=Cd, Zn; VI=S, Se, Te, and is preferably undoped GaAs. 

In one embodiment, a device according to the invention as shown in Fig. 1 
may comprise a conducting layer 2 of 4-30 imi of a suitable semiconductor 
material, needed for current flow, such as n-GaAs or n-(Al,Ga)As. Localization of 
the current flow in a thin slab, parallel to the surface to be e?q)osed to the molecules, 
is desirable, for high sensitivity. This is achieved by having an insulating 
(near)surface layer, provided by depletion of the electronic carriers due to the 
surface potential, and by making the conducting layer 2 very thin. A mechanical 
support is needed for such a very thin layer and is best provided by an insulating 
undoped semiconductor substrate 1, preferably undoped GaAs. The two electrical 
contacts are provided, for example, by two AuGeNi electrodes. 

In another embodiment, an extra thin insulating layer (3-10 nm), preferably 

made of a material with the same or a lower bandgap than the material used for the 

conducting layer 2, is added on top of the conducting layer 2 of thickness between 

10-200 nm, so that the multifunctional organic sensing molecules adsorb onto said 

7 
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extra layer. In this case current flow will be localized in a region between the elec- 
trodes and just inside the conducting layer, near its interface with the extra in- 
sulating film. In this case the electrical contacts are deposited on the extra 
insulating layer and treated in such a way to assure that electrical contact is made 
5 with the contacting layer, which is under the insulating layer. 

According to a further embodiment, another insulating layer may be added 
on top of the insulating layer 1, which is of sufficient thickness for mechanical 
support, prepared by any of the well-established crystal growth techniques, and 
another thin film of material (5 nm) is grown as an epitaxial layer of high structural 
10 perfection on the first, thicker one, and which can be with the same or preferably 
with higher bandgap. 

Figs. 2A and 2B shows examples of these two embodiments. Fig, 2A shows 
a device based on the design of high electron mobility transistors (HEMT), and 
Fig. 2B shows a simpler device based on the design of field effect transistors (FET). 
15 The distance and area between the source and the drain are 2-4 |xm and 6 ^m^ , 
respectively. In both structures, the gate has been replaced by adsorbed 
multifunctional organic sensing molecules. In the structure of Fig. 2B, the electron 
density is localized in one dimension, but the electrons have lower mobility than in 
Fig. 2A because they are located in the doped layer rather than in the less 
20 defectiveundoped one, as is the case with the HEMT-Iike device of Fig. 2 A. 

Reference is now made to Fig. 2A, a device structure according to the 
invention, in which an extra semi-insulating undoped GaAs layer is on top of a 
semi-insulating GaAs substrate, the idea being that the extra semi-insulating layer 
can be made to be of higher quality and thus with fewer defects than the bulk 
25 substrate. Onto said extra undoped GaAs layer a thin layer (15 nm) of conducting n- 
(Al,Ga)As is deposited, two further thin layers of undoped (Al,Ga)As (10 nm) and 
undoped GaAs (5 nm) are deposited on top of the conducting layer, and a thin film 
4 of a multifunctional organic sensing molecule is adsorbed on the undoped GaAs 
surface. This structure serves to create what is called a 2-dimensional electron gas 

30 ("2-DEG") just outside the conducting layer. Two AuGeNi electrodes serve as 

8 
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contacts for current flow. The minimum size of the area between the contacts, 
wherein the organic sensing molecules are bound and where the sensing action 
takes place, depends on the sensitivity of the measurement system and on 
fabrication limitations. Typically the area will be > 0.2 fim^, with a minimal 

5 distance between electrodes of some 100 nm. 

Reference is now made to Fig. 2B, which illustrates a FET-like device 
structure according to the invention in which an extra (Al,Ga)As semi-insulating 
layer (150 nm) is on top of a GaAs semi-insulating substrate, a thin layer (50 nm) of 
conducting semiconductor n-GaAs is on top of the semi-insulating (Al,Ga)As layer, 

10 a protective upper thin layer of undoped GaAs (5 nm) covers the conducting 
semiconductor n-GaAs layer, and a thin film 4 of a multifunctional organic sensing 
molecule is adsorbed on the undoped GaAs surface. Two AuGeNi electrodes serve 
as electrical contacts. The distance and area between the contacts are at least 0,1 
|im and 0.2 \xrn, respectively. 

15 In all these configurations, an added function of the outermost layer onto 

which the molecules adsorb, can be to give improved protection against the 
environment 

In a preferred embodiment, in a hybrid sensor device according to the 
invention the electrical current flows preferably at a a distance of no less than 10 

20 nm and not more than 1000 nm firora its surface. 

In one embodiment, the sensor device changes its conductivity when it is 
exposed to specific chemicals. In another embodiment, it changes its current as a 
response to a pulse of light of given wavelength. For example, with porphyrin 
radicals, the decay time of the current, following the light pulse, serves for sensing 

25 radicals such as Cu^"*", CN", N3", NCS' and NCO", and small molecules such as CO, 

NO and H2O2. By means of suitable functional groups other toxic radicals as well 

as organic and inorganic molecules , including drugs and e^q^losives, can be sensed 

from a gas phase or firom a suitable liquid. The detection is possible by changes 

induced by the interaction between the molecules bound to the device*s surface and 

30 the species to be detected. Such changes should affect the surface potential of the 

9 



wo 98/19151 



PCT/IL97/00348 



area onto which the molecules are adsorbed. This can be due to changes in dipole 
moment (permanent or induced), changes in charge distribution (in ground or 
excited state), changes in surface recombination or any combination of these. 

According to a further preferred embodiment of the invention, suitable insu- 
lating encapsulation for all of the device's exterior except for the area between the 
electrodes onto which the sensing molecules are bound, can be provided. 

Reference is now made to Figs. 3A-3D which illustrate experiments carried 
out with devices according to Figs, 2A and 2B wherein a thin film of the molecules 
DCDC, DCDS or DMDS is adsorbed on the upper surface of the device. In both 
cases, the conducting n-(Al,Ga)As and n-GaAs layers of the devices of Figs. 2A 
and 2B were doped by Si. The n-(Al,Ga)As layer of Fig. 2A was doped by Si to the 
concentration of 1.2x10^* cm""* . The n-GaAs layer of FET-like devices of Fig. 2B 
was doped with two different dopant concentrations, namely 5.0x10*^ cm"^ for the 
low-doped FET-like device and 6.5x10^^ cm'^ for the higher conductivity FET-like 
device, this difference in doping resulting in about three orders of magnitude 
change in their charge carrier concentrations. Simulations based on the Poisson 
equation indicate that in these two possible structures of Fig. 2B, the maximum 
electron density is concentrated at a distance of about 30 to 50 nm from the exposed 
undoped GaAs upper surface. 

In both devices of Figs. 2A and 2B, the gate has been replaced by adsorbed 
multifunctional organic molecules that possess two elements: (i) a surface binding 
element, namely carboxylic acids or cyclic disulfide groups, and (ii) a light- 
absorbing element of distinct electron affinity. Two families of molecules were 
synthesized. The first family is derived from tartaric acid which was di-esterified by 
p-cyanobenzoic acid to provide the corresponding dicarboxylic acid 2,3-di(p- 
cyanobenzoyi)tartaric acid (DCDC). The second family is based on 1,2-dithiane- 
4,5-diol which was diesterified by either p-cyanobenzoic acid or p-methoxy- 
benzoic acid to yield the corresponding disulfides 4,5-di(p-cyanobenzoyloxy)-l,2- 
dithiane (DCDS) and 4,5-di(p-methoxybenzoyloxy)-l,2-dithiane (DMDS), 
respectively. 

10 
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The layers of said organic molecules were adsorbed by immersing the 
devices in a 1 mM solution of the molecules in dry acetonitrile, for periods ranging 
from 14 hours for DCDC, and up to 72 hours for DCDS and DMDS. FT-IR 
isotherms showed that under these conditions about one layer of the organic 
5 molecules is adsorbed. 

The current-voltage (IfV) characteristics in the ambient between the source 
and drain with, and without, the adsorbed organic layers, was measured in a 
HEMT-like device of Fig. 2A (Figs. 3A-3C) and in the low-doped FET-like device 
of Fig. 2B (Fig, 3D).. In addition, the photocurrent relaxation time was monitored 
10 following illumination by a 7 nm pulse- long, tunable (Nd:YAG) pumped dye laser 
with various wavelength mixing schemes. A constant source-drain voltage of 1.0 V 
was applied and the current change, following the laser pulse, was monitored. In 
control experiments devices with a gate, biased negatively with respect to the drain, 
were examined. 

15 The results are shown in Figs. 3A-D. The effects induced by the molecules 

DCDS (Fig. 3A), DMDS (Fig. 3B) and DCDC (Fig. 3C) were found to depend on 
the doping level of the GaAs. For both the HEMT-like and the FET-like structures 
with the higher electron concentrations, the molecules affected the current by about 
10-20%, depending on the adsorbed molecules. For the lower doped FET-like 

20 structure (Fig. 3D), the effect of the DCDC molecules was very dramatic and the 
current was reduced by an order of magnitude. The reduction in current was more 
significant for the dicarboxylic acid derivatives than for the disulfide derivatives. 

The molecule-induced change in the surface potential could be estimated by 
comparing the results shown in Fig. 3, with those obtained with a negative bias on 

25 the gate of a FET transistor. Applying a bias of 50-100 mV, the reduction in the 
current between the source and the drain was similar to that obtained upon 
adsorption of DCDC on the device. However, the effect of the molecules on other 
electronic properties of the structure cannot be explained simply by the change in 
surface potential. 
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Reference is now made to Figs. 4A-4B. The results are presented as solid 
and dashed lines for molecules I and II (l,2-dithiane-4,5-di(hydroxyquinoline) 
Cu^^ complex and l,2-dithiane-4,5"di(hydroxyquinoline), respectively). While 
molecule I has resonance absorption at 237 nm, molecule 11 absorbs more strongly 

5 at 266 nm. As seen in the figures, when the light pulse coincides with the 
absorption of the adsorbed molecules, the relaxation time becomes shorter as 
compared to the case of non-resonant absorption. The time response of the device 
upon illumination changes drastically when the wavelength of the pulsed 
illuminating light coincides with the absorption of the adsorbed organic molecules 

10 that are adsorbed on its surface. This different time response can serve for detecting 
specific ions/molecules. In the example in Figure 4, exposing the device Cn^^ 
solution results in changing the time response of the device at the probed 
wavelengths. 

Light-induced, time-dependent studies were carried out for the HEMT-like 
15 device of Fig. 2A. Without the DCDC molecules, photocurrent was measured upon 
exposure, as shown in the insert in Fig. 5. Upon excitation at a wavelength that 
corresponds to energy exceeding the band gap (1.4 eV), only a short component of 
about 20 nsec is observed. This photocurrent results from electron-hole excitation 
and its relaxation time is consistent with previous photoluminescence 
20 measurements (Lunt et al., 1991). 

The decay of the photocurrent changed drastically when the DCDC 
molecules were adsorbed, as shown in Figs. 5A-5D for a device coated with DCDC 
and exposed to a laser pulse at various wavelenghts. The decay can be expressed by 
two additional exponents, ti and tj. Table 1 summarizes the results presented in Fig. 
25 5 and gives the absorption coefficient of the adsorbed molecule at each wavelenght. 
Both ix and t2 become shorter the better the excitation wavelenght matches the 
absorption band of the adsorbed molecules. Similar results are obtained with the 
FET-Iike device, but with slower decays. 
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Table 1: Time con^fants (X^ for photocurrent decay of GaAs/AlGaAs HEMT-like 

str uctu rg . bg rg . ffl d cp^t^d with PCPC 



excitation 


t (nsec) 


ti (msec) 


t2 (msec) 


DCDC absorption 


wavelength 


Bare device 


+ DCDC 


+ DCDC 


coefficient 


(nm) 


±10% 


±10% 


± 10% 


(e) cm"'M'' 


580 


20 


2.7 


20.0 


<I00 


290 


20 


0.8 


16.0 


3000 


237 


20 


0.2 


1.6 


38000 


212 


20 


0.4 


3.4 


6300 


212 


20 


0.2 


1.6 


6300 


high intensity 











5 Thus, the above described studies of the interactions between adsorbed organic 
molecules and the electronic charge carriers in specially made GaAs structures by 
time and wavelength dependent measurements of the photocurrent, show that 
adsorption of the molecules modifies the photocurrent decay time by orders of 
magnitude. The effects are molecularly specific, as they depend on the electronic 

1 0 properties and on the absorption spectrum of the molecules. 

The understanding of the electronic interaction between a molecule adsorbed 
on a semiconductor substrate and the charge carriers in the substrate is a key to 
achieve suitable combination of predetermined molecular properties with those of 
solid state electronic devices. According to the present invention, it is shown how 

1 5 one can use structures that are ultra-sensitive to this interaction, how this interaction 
can be probed by a new method based on time and wavelength dependent studies of 
the photocurrent, and how the resuhs of such measurements can be used to 
understand this interaction. 
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The sensor device of the present invention has several advantages over 
existing sensors:(i) High sensitivity. The sensitivity of the device does not depend 
linearly on its surface area, and is defined by the ratio between the number of free 
charge carriers before the sensor is exposed to light or a chemical to that after it is 

5 exposed; (ii) High versatility. Due to the ability to use the same solid state structure 
with different adsorbed multifunctional organic sensing molecules, the same design 
principle of the sensor can be used for a variety of applications. The versatility 
depends only on the ability to synthesize organic molecules with the right 
specificity and to bind them to the semiconductor surface; (iii) Small dimension. 

10 Due to the microelectronics methods used for production of the semiconductor 
surface and because the sensitivity does not depend linearly on the surface area, 
very small sensors can be built. 

According to the present invention, in contrary to what could be expected by 
simple extrapolation of existing knowledge and experience, it is shown that it is 

1 5 possible to combine all the four criteria required for good quality of sensors, namely 
sensitivity, selectivity, robustness, and versatility, in an organic-semiconductor 
hybrid sensor device which does not have a gate and does not require the junction- 
type configuration. 

The sensor device of the invention has the surprising novel feature that its 
20 sensitivity depends supra-linearly on its area. It can be constructed so that small 
area devices have the same sensitivity as large area ones. It is versatile due to the 
ability to use tailor-made organic molecules and its robustness stems from the fact 
that the sensing part of the device, namely the organic molecules, affect the electron 
flow at a distance away from them, i.e. the sensing element does not pass any 
25 current. 

Thus, the sensor device of the invention can, due to its special design, high 
sensitivity and selectivity and small dimensions, serve as a sensor for a large variety 
of chemicals and as a light detector with wavelength specific sensitivity. 
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CLAIMS 

1 . A hybrid organic- inorganic semiconductor device characterized by 
being composed of : 

(i) at least one layer of a conducting semiconductor; 

(ii) at least one insulating layer; 

(iii) a thin layer of multifunctional organic sensing molecules directly 
chemisorbed on one of its surfaces, said multifunctional organic sensing molecules 
having at least one functional group that binds to said surface and at least one 
another functional group that serves as a sensor; and 

(iv) two conducting pads on the top layer making electrical contact 
with the electrically conducting layer, so that the electrical current can flow 
between them at a finite distance from the surface of the device. 

2. A device according to claim 1 , wherein the multifunctional organic 
sensing molecule has at least one surface-binding functional group selected from 
one or more aliphatic or aromatic carboxyl, thiol, sulfide including acyclic and 
cyclic disulfide, hydroxamic acid and trichlorosilane groups, and at least one 
second functional group that serves as a sensor for chemicals or for light, 

3. A device according to claim 1 or 2, wherein said multifunctional 
organic sensing molecule has at least one functional group suitable for binding and 
detection of metal ions such as Cu^"^, Fe^^ and Ru^^. 

4. A device according to claim 3, wherein said at least one functional 
metal-binding and metal-detecting groups are radicals derived from hydroxamic 
acids, bipyridyl, imidazol and hydroxyquinoline. 
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5. A device according to claim I or 2, wherein said multifunctional 
organic sensing molecule has at least one functional group that is an efficient light 
absorber at a given wavelenght and is suitable for detection of light.. 

5 6. A device according to claim 5, wherein said efficient light absorber 

functional groups are aliphatic or aromatic hydroxamates, substituted aromatic 
groups such as cyanobenzoyl and methoxybenzoyl , bipyridyl groups, 
hydroxyquinoline groups, or imidazolyl groups to which a metal porphyrin or a 
metal phthalocyanin residue is attached. 

10 

1. A device according to any one of claims I to 6, wherein said 
multifunctional organic sensing molecules are selected from 23"di(p- 
cyanobenzoyl) tartaric acid (DCDC), 4,5-di(p-cyanoben2oyloxy)-l ,2-dithiane 
(DCDS), 4,5-di(c methoxy-benzoyloxy)-l,2-dithiane (DMDS) and 1,2-dithiane- 
1 5 4,5-di(hydroxyquinoline) and the Cu^"^ complex thereof. 

8. A device according to any one of claims 1 to 7, wherein the 
multifunctional organic sensing molecule is adsorbed on a conducting 
semiconductor surface or on an insulating surface of a dielectric material. 

20 

9. A device according to any one of claims 1 to 8, wherein the at least 
one layer of a conducting semiconductor contains a semiconductor selected from a 
III-V and a 11- VI material, or mixtures thereof, wherein HI, V, 11 and VI denote the 
Periodic Table elements III =Ga, In; V=As, P; n=Cd, Zn; VI=S, Se, Te. 

25 

10. A device according to claim 9, wherein the at least one layer of a 
conducting semiconductor contains doped n-GaAs, 

1 1. A device according to claim 10, wherein the at least one layer of a 

30 conducting semiconductor is composed of doped n-(Al,Ga)As. 
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12. A device according to any one of claims 1 to 11, which contains at 
least one further insulating layer. 

13. A device according to any one of claims 1 to 12, wherein the 
5 insulating layer contains an undoped semiconductor selected from a III-V and a II- 

VI material, or mixtures thereof, wherein III, V, II and VI denote the Periodic Table 
elements III =Ga, In; V=As, P; II=Cd, Zn; VI=S, Se, Te. 

14. A device according to claim 13, wherein said undoped 
10 semiconductor contains GaAs. 



15. A device according to claim 14, wherein said undoped 
semiconductor contains (Al,Ga)As. 

15 16. A device according to any one of claims 1 to 15, wherein the 

electrical current flows at a a distance of no less than 10 nm and not more than 1000 
nm from its surface. 



17, A device according to any one of claims 1 to 16, that changes its 
20 current as a response to a pulse of light of given wavelength. 

18. A device according to claim 17, wherein the decay time of the 
current, following the light pulse, serves for sensing chemicals. 

25 19. A light or chemical sensor based on a device according to any one 

of claims 1 to 18 
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